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Zinc is associated with glutamatergic pathways in brain and retina, yet its role in neuromodulation remains unknown. High con-
centrations of reactive zinc in vertebrate photoreceptor terminals suggest a neuromodulatory role in the outer plexiform layer but
zinc release has not been demonstrated. Using the membrane-impermeable form of the Zn2+ sensitive ﬂuorescent dye Newport
Green, we have demonstrated increased release of Zn2+ from the rat retina in response to potassium-induced depolarization of ret-
inal cells. This increase was greatest in the outer retina with densest bands observed in the outer plexiform layer and photoreceptor
inner segment regions of rat retinal slices.
 2005 Elsevier Ltd. All rights reserved.
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Ionic zinc (Zn2+) is suggested to play a role as a ret-
inal neuromodulator via its vesicular release from gluta-
matergic neurons (Wu, Qiao, Noebels, & Yang, 1993).
This hypothesis is supported by an increasing body of
evidence. Histochemical evidence from ﬁxed retinal tis-
sue has shown a band of reactive (ionic) zinc in the outer
retina in a number of vertebrate species including sala-
mander (Wu et al., 1993), skate (Qian, Li, Chappell, &
Ripps, 1997), and rat (Ugarte & Osborne, 1999). Chela-
tion of extracellular retinal zinc has been shown to en-
hance the ERG b-wave response of both zebraﬁsh
(Redenti & Chappell, 2002) and skate (Rosenstein &
Chappell, 2003), consistent with a physiological role
for Zn2+ in the retina.
Although its mechanisms of action remain elusive,
zinc is believed to play an important role throughout
the vertebrate nervous system (Frederickson, Koh, &0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: rchappell@gc.cuny.edu (R.L. Chappell).Bush, 2005). In the central nervous system, zinc levels
have been estimated at 200 ng/mg protein (Dineley,
Votyakova, & Reynolds, 2003). Approximately 95% of
zinc in the central nervous system is bound by metalo-
thioneins and zinc-containing enzymes (Frederickson,
Suh, Silva, & Thompson, 2000). Vesicular or unbound
ionic zinc comprises approximately 5% of central ner-
vous system zinc (Frederickson et al., 2000). Zinc-en-
riched glutamatergic synaptic vesicles of hippocampal
mossy ﬁbers have estimated Zn2+ concentrations of
1.4 mM/L (Frederickson et al., 2000). Histochemical
reactivity for zinc ions in neural tissue appears predom-
inately in glutamatergic vesicles (Frederickson et al.,
2000; Wenzel, Cole, Born, Schwartzkroin, & Palmiter,
1997). Neural Zn2+ release has been shown to be Ca2+
dependent, reaching synaptic concentrations of approx-
imately 12 lM (Frederickson et al., 2000). Furthermore,
zinc is the most abundant trace element in the eye
(Miceli, Tate, Alcock, & Newsome, 1999).
An important criterion to the vesicular release hypoth-
esis for retinal zinc is demonstration of Zn2+ release in re-
sponse to depolarization of retinal cells. Zinc-sensitive
ﬂuorescent dyes provide the possibility to obtain evidence
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es in extracellular zinc concentration resulting fromdepo-
larization of retinal neurons. For example, the Zn2+
sensitive dye, Newport Green, has been used to demon-
strate the release of Zn2+ from presynaptic terminals in
rat hippocampal slices (Li, Hough, Suh, Sarvey, & Fred-
erickson, 2001). Here, we report evidence that the
ﬂuorescence of the zinc-sensitive, membrane-imperme-
able dye Newport Green was signiﬁcantly enhanced by
potassium-induced depolarization of retinal neurons.
Fluorescence increases observed and quantiﬁed using
microﬂuorescence techniques revealed the greatest
increases in the outer plexiform layer and photoreceptor
inner segment regions of living rat retinal slices.2. Methods
Adult female Long–Evans rats were euthanized using
carbon dioxide gas. Eyes were removed and placed into
ice-cold rat Ringer bubbled with 95% O2–5% CO2 using
a plastic pipette tip. The rat Ringer used had the compo-
sition (in mM) of 124 NaCl, 1.75 KCl, 1.3 MgSO4, 2.4
CaCl2, 1.25 KH2PO4, 26 NaHCO3, and 10 dextrose in
double deionized H20 at pH 7.4 and was stored in plastic
Falcon tubes. Eyes were cut along the ora serrata and
the cornea, lens, and vitreous removed. Under Ringer
solution, after making four short radial cuts from the
edge of the eyecup, the eyecup was ﬂattened and retina
attached to membrane ﬁlter paper (0.2 lm, Gelman Sci-
ences). Retinas were sliced at 200 lm (Stoelting tissue
chopper) and transferred to individual sterile plastic
slide wells containing 400 ll Ringer. Procedures were
conducted at room temperature (22 C).
Slices were allowed to recover for 1 h under constant
Ringer perfusion following sectioning. To avoid con-
tamination, the microscope objective was coated with
fresh saran wrap before each slice was observed. Slices
were then imaged using an Olympus BX50WI micro-
scope and images acquired using Metamorph software
(Universal Imaging). Slices were then incubated with
20 lM of the membrane-impermeable form of the
Zn2+sensitive ﬂuorescent dye Newport Green dipotassi-
um salt (Molecular Probes). Images were taken at exci-
tation/emission of 505/535 nm wavelengths to reveal
basal eﬄux of extracellular Zn2+. To induce retinal
depolarization and stimulate Zn2+ eﬄux, retinal slices
were exposed to 50 mM KCl in saline. Images of
increasing extracellular ﬂuorescence were then recorded
and results quantiﬁed using Metamorph software.3. Results
Prior studies have used a modiﬁed Timms method
to identify the location of reactive zinc in ﬁxed retinaltissue. We have used microﬂuorescence techniques to
image the extracellular release of free zinc (Zn2+) in liv-
ing rat retinal slices maintained in a rat Ringer solu-
tion. A micrograph of one such slice as it appears
when illuminated in white light is shown in the
Fig. 1A. Labels indicate corresponding regions of the
retina (Dowling, 1970). Photoreceptor cells are located
in the distal retina which includes their outer segments
(OS), inner segments (IS) and cell bodies located in the
outer nuclear layer (ONL). The outer plexiform layer
(OPL) contains processes from horizontal cells and
bipolar cells making contact with photoreceptor termi-
nals. The cell bodies of the horizontal cells, bipolar
cells, and amacrine cells are located in the inner nucle-
ar layer (INL). The inner plexiform layer, in turn, con-
tains processes from the bipolar and amacrine cells
making contact with the ganglion cell dendrites in the
inner plexiform layer (IPL). The cell bodies of the gan-
glion cells, whose axons make up the optic nerve, are
located in the ganglion cell layer (GCL).
The same slice bathed in Ringer solution containing
the membrane-impermeable form of the Zn2+ sensitive
dye Newport Green (12 lM) is shown in Fig. 1B as it ap-
pears when exciting at a 505 nm wavelength and observ-
ing its ﬂuorescence at 535 nm. Within 2 min after the
depolarization of retinal neurons by application of
50 mM KCl, more intense green bands become apparent
in the region of the OPL and the photoreceptor IS, as
seen in Fig. 1C.
To quantify the intensity changes of the zinc-sensitive
dye, the time course of changes in average pixel intensity
for each region of the retina for one such slice were mea-
sured as shown in Fig. 2. When retinal cells were depo-
larized by the application of 50 mM KCl (arrow at
6 min) there was an immediate increase in ﬂuorescence
of the Zn2+ sensitive Newport Green across the retina.
Within 8 min, the intensity of the outer retinal regions
had increased by 80–90%. The intensity of all regions
of the retina increased over 50%, possibly due to diﬀu-
sion from the regions of the photoreceptor inner seg-
ments and the outer plexiform layer.
We monitored intensity changes in the region of the
outer plexiform layer for 10 diﬀerent rat retinal slice
preparations. For ﬁve of these, the 50 mMKCl was add-
ed 2 min after the Newport Green (Fig. 3, left arrow,
squares). As a control, the 50 mM KCl was applied
10 min after the application of Newport Green for the
other ﬁve preparations (Fig. 3, right arrow, circles) to
compare basal levels of Zn2+ release from 2 to 8 min
without high KCl as well as to demonstrate that the
depolarization-induced zinc release remained viable (at
10 min) in the control preparations. In each case, the
intensity of Newport Green ﬂuorescence in the region
of the outer plexiform layer increased immediately after
application of 50 mM KCl with an increase of 80% or
more within a few minutes.
Fig. 1. Zinc release by depolarization of retinal cells. (A) Two hundred micrometer thick living rat retinal slice in Ringer imaged under white light.
Labels indicate the regions of the outer segments (OS), inner segments (IS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear
layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL). (B) The same slice superfused with 12 lM Newport Green added to Ringer
imaged under 505/535 nm excitation/emission. Faint bands of ﬂuorescence observed in the regions of the inner segments and outer plexiform layers
are not obvious in the micrograph. (C) Bands of Newport Green Zn2+ ﬂuorescence appear in regions of the photoreceptor IS and OPL 2 min
following depolarization of retinal neurons by application of 50 mM KCl.
Fig. 2. Newport Green intensity increase by region of a rat retinal
slice. Depolarization of retinal cells by application of 50 mM KCl
(arrow at 6 min) resulted in a substantial increase in ﬂuorescence of the
membrane-impermeable form of the Zn2+ sensitive dye Newport
Green within 1 min. The increase, plotted as a percent of average pixel
intensity for each region of the retina 6 min prior to KCl application,
was largest in the distal retina, from the outer plexiform layer (OPL,
downward triangles) to the outer nuclear layer (ONL, circles) and
photoreceptor inner segments (IS, upward triangles).
Fig. 3. Newport Green intensity increase in the region of the outer
plexiform layer (OPL). When 50 mM KCl was applied (left arrow) to
retinal slices 2 min after Newport Green application, an immediate
intensity increase was observed (squares, ±SEM, n = 5). In controls,
when KCl was applied after 10 min (right arrow) in Newport Green,
no intensity increase was observed until the time of KCl application
(circles, ±SEM, n = 5).
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(Kd = 1 lM) for Zn
2+ for the membrane-impermeable
form of the dye provided by Molecular Probes, it is pos-
sible to estimate the order of magnitude of the zinc con-
centration reached following zinc release. This can be
accomplished using the relationship [Zn2+] = Kd
(F  Fmin)/(Fmax  F), where F is the measured ﬂuores-
cence intensity and Fmin and Fmax are obtained in the ab-
sence of Zn2+ and in the presence of a concentration of
Zn2+ suﬃcient to result in dye saturation, respectively
(Li et al., 2001). We approximated these conditions bymeasuring ﬂuorescence of the Newport Green alone
and in the presence of 1 mM Zn2+, a concentration suf-
ﬁcient to saturate the dye, obtaining the respective pixel
intensity values of Fmin = 300 and Fmax = 4095. Based
on the results from 8 preparations, we used this equation
to estimate a mean concentration of Zn2+ in the region
of the outer plexiform layer of 1.06 ± 0.25 lM
(mean ± SEM) after 10 min in 50 mM KCl. Using this
value in the same equation, we found that the 80% in-
crease in Newport Green dye intensity described above
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over 200% after KCl application.
Recent studies by Li et al. (2001) have shown that
detection of Zn2+ by Newport Green ﬂuorescence was
not signiﬁcantly aﬀected by the presence of physiological
levels of Ca2+ (2.4 mM) or Mg2+ (1.3 mM). Further-
more, they showed that up to 1 mM Ca2+ or Mg2+, in
the absence of Zn2+, has little eﬀect on the Newport
Green dye ﬂuorescence emission. The results reported
here provide the ﬁrst direct demonstration of Zn2+ re-
lease by depolarization of retinal cells.4. Discussion
Compared with the extensive literature on the distri-
bution, transport, modulation, and cytotoxic eﬀects of
zinc on cortical neurons (see Choi & Koh, 1998 for re-
view), knowledge of the functional role of zinc in the ret-
ina is limited. Several studies suggest a role for zinc as a
modulator of neuronal responses in both the outer
(Kaneda, Andrasfalvy, & Kaneko, 2000; Zhang, Rib-
elayga, Mangel, & McMahon, 2002) and inner (Han &
Wu, 1999; Luo, Li, & Yang, 2002) retina. Nevertheless,
the role of zinc in visual information processing is not
well understood (cf., Ugarte & Osborne, 2001).
The presence of an identiﬁable band of free zinc in the
region of the photoreceptor terminals was ﬁrst reported
by Wu et al. (1993) in studies of salamander retina. A
similar band of zinc was observed in skate retina using
the same neo-Timms method of staining (Qian et al.,
1997). Furthermore, Ugarte and Osborne (1999) report-
ed the important observation from their studies in the
rat retina that this distribution changes from the region
of the photoreceptor cell bodies in dark-adapted retina
to the photoreceptor inner segment region when the ret-
ina is light-adapted.
The ﬁrst direct physiological evidence for a role of
zinc in retinal information processing was obtained by
applying the zinc chelator histidine (100 lM) in the pres-
ence of the GABA blocker picrotoxin (200 lM). Using
this approach, we were able to show a doubling of the
ERG b-wave amplitude and a shift of the intensity–re-
sponse relationship toward lower intensities (Redenti
& Chappell, 2002). Similar ﬁndings were obtained from
studies of the all-rod retina of the skate as well (Rosen-
stein & Chappell, 2003). These ﬁndings indicate that
endogenous zinc may be playing a neuromodulatory
role in the retinal light response and that this role is in
addition to any role zinc may play in the modulation
of GABA receptor sensitivity previously reported (Qian,
Malchow, Chappell, & Ripps, 1996; Qian et al., 1997).
While the ﬁndings summarized above are consistent
with a role for zinc as a neuromodulator at the level
of the outer plexiform layer as proposed by Wu et al.
(1993), direct evidence that zinc is released by depolar-ization of photoreceptor cells was lacking. The experi-
ments reported here have addressed this issue by
observing the ﬂuorescence of the membrane-imperme-
able form of the Zn2+ sensitive dye Newport Green be-
fore and after the high-potassium induced
depolarization of neurons in the living rat retinal slice.
The doubling of ﬂuorescence of the zinc-sensitive dye
observed conﬁrms the presence of an increase in extra-
cellular zinc concentration in response to depolarization
of retinal neurons (Fig. 3). Since release of synaptic ves-
icles from photoreceptor terminals has been demonstrat-
ed in prior studies using high-potassium induced retinal
depolarization (Ripps & Chappell, 1991), we conclude
that the band of increased intensity of Newport Green
ﬂuorescence observed in the outer plexiform layer (Figs.
1 and 2) demonstrates an increase in vesicular release of
Zn2+ from rat photoreceptor terminals.
This evidence for vesicular release of Zn2+ from pho-
toreceptor terminals supports the hypothesis (Wu et al.,
1993) that Zn2+ is co-released with glutamate from these
cells and is available to act as a neuromodulator in the
outer retina of vertebrates. One possible mechanism of
action would be the direct action of Zn2+ on Ca2+ cur-
rent into photoreceptor calcium channels to reduce the
rate of entry of calcium involved in vesicle fusion and
transmitter release as in the zinc autofeedback hypothe-
sis of Wu et al. (1993). Another possibility is a zinc mod-
ulated hemichannel feedback in which the modulation
of hemichannel currents in the membrane of second or-
der retinal neurons by Zn2+ (Chappell, Zakevicius, &
Ripps, 2003) regulates the hemichannel feedback onto
photoreceptors proposed by Kamermans et al. (2001).
While the ﬁnding of depolarization-induced release of
Zn2+ in the region of the inner segments of rat photore-
ceptors, on the other hand, seems consistent with evi-
dence for high Zn2+ concentration in this region of the
light-adapted rat retina reported by Ugarte and Osborne
(1999), we can only speculate concerning the role zinc
may be playing in this distal region of the retina. Photo-
receptor inner segments contain 60–75% of rat retinal
mitochondria and photoreceptor mitochondrial respira-
tion has been shown to decrease in light-adapted retina
(Perkins, Ellisman, & Fox, 2003). In addition, zinc is
known to inhibit mitochondrial ATP production (Dine-
ley et al., 2003). Zinc also interferes with mitochondrial
glycolysis, tricarboxylic acid cycle, and electron trans-
port (Perkins et al., 2003). In the region of the inner seg-
ments, therefore, zinc may have a functional signiﬁcance
relative to mitochondrial respiration. Mu¨ller cell apical
villi form the outer limiting membrane. Thus, it is possi-
ble that the Zn2+eﬄux observed originated from Mu¨ller
cell apical villi which surround photoreceptor inner
segments.
Mu¨ller cells have been labeled for zinc transporter
protein-3 (ZnT-3) in the region of the apical villi
which form the outer limiting membrane in the mouse
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utilize ZnT-3 to deliver zinc to inner segments during
light-adaptation and/or to photoreceptor somata in
dark-adapted conditions. Depolarization of Mu¨ller
cells by 50 mM K+ may well result in the release of
Zn2+into the extracellular region of the inner seg-
ments, especially if the transport involved is
electrogenic.
Zinc homeostasis is important to retinal health.
Zinc is proposed to function as an antioxidant as a
co-factor of Cu–Zn superoxide dismutase and by
inducing synthesis of metallothionein which eliminates
hydroxyl radicals (Miceli et al., 1999). Cytoplasmic
zinc in the retinal pigment epithelium decreases with
age and correlates with the onset of age-related macu-
lar degeneration (Miceli et al., 1999). Even a moderate
amount of zinc deﬁciency results in increased oxida-
tive damage and decreased production of metallothio-
nein (Miceli et al., 1999). Atrophic age-related
macular degeneration involves retinal pigment epitheli-
al degeneration and exhibits delayed progression when
treated with daily antioxidants including 80 mg of zinc
oxide currently prescribed clinically (Age-Related Eye
Disease Study Research Group, 2001). Conversely,
high levels of Zn2+contribute to ischemic neuronal
death in the retina and in vitro studies have shown
that 15 min of exposure to 300–500 lM zinc results
in the death of a substantial number of retinal cells
in culture (Yoo, Lee, Lee, Koh, & Yoon, 2004).
Apparently, proper control of zinc homeostasis is nec-
essary to ensure optimal retinal function.
In summary, we conclude from these results that
Zn2+ is released by depolarization of retinal cells and
that this release is highest in the regions of the outer
plexiform layer and photoreceptor inner segments. The
zinc release observed is likely to include, but is not nec-
essarily limited to, vesicular co-release of Zn2+ with glu-
tamate from photoreceptor terminals. In addition, we
speculate that Zn2+ transport in the region of the Mu¨ller
cell apical dendrites and photoreceptor inner segments
may be electrogenic and that Zn2+ transport in this re-
gion is likely to play a role in photoreceptor mitochon-
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